Although therapeutics against MYC could potentially be used against a wide range of human cancers, MYC-targeted therapies have proven difficult to develop. The convergence of breakthroughs in human genomics and in gene silencing using RNA interference (RNAi) have recently allowed functional interrogation of the genome and systematic identification of synthetic lethal interactions with hyperactive MYC. Here, we focus on the pathways that have emerged through RNAi screens and present evidence that a subset of genes showing synthetic lethality with MYC are significantly interconnected and linked to chromatin and transcriptional processes, as well as to DNA repair and cell cycle checkpoints. Other synthetic lethal interactions with MYC point to novel pathways and potentially broaden the repertoire of targeted therapies. The elucidation of MYC synthetic lethal interactions is still in its infancy, and how these interactions may be influenced by tissue-specific programs and by concurrent genetic change will require further investigation. Nevertheless, we predict that these studies may lead the way to novel therapeutic approaches and new insights into the role of MYC in cancer.
U sing a synthetic lethal RNA interference approach, several groups have recently identified genes whose function is selectively required for the survival of MYC-overexpressing cells (Kessler et al. 2012; Liu et al. 2012; Toyoshima et al. 2012) . Analysis of these genes, referred to as MYC-synthetic lethal (MYC-SL) genes, provides new insights into cellular pathways that contribute to the fitness of cells with aberrant MYC expression. Moreover MYC-SL genes provide a menu of possible therapeutic targets, potentially circumventing the difficulties inherent in targeting MYC itself. Inhibition of MYC-SL genes has the potential to halt cancers driven by aberrant MYC expression, while sparing normal tissues. In fact, by selecting for genetic interactions that occur only in the context of MYC overexpression, the proliferation of normal cells, where MYC function is tightly regulated, may not be affected. Here, we highlight MYC synthetic lethal genes and networks that have emerged from RNA interference screens, and we describe their relationship to known and novel functions of MYC. Finally, we discuss therapeutic implications and challenges surrounding the exploitation of synthetic lethal interactions in clinical settings of MYC-driven cancers.
LEARNING FROM YEAST GENETIC NETWORKS
In Saccharomyces cerevisiae (S. cerevisiae) and other single-cell organisms, systematic genome-wide mapping of both positive and negative genetic interactions that affect cell viability have been performed (for review, see Dixon et al. 2009; Costanzo et al. 2012) . Positive interactions describe double mutants whose fitness is increased relative to the effect of each individual mutation, and are often defined as suppressing or rescuing mutations. Of relevance to the topic of synthetic lethality are negative digenic interactions, wherein the combination of mutations in two different genes leads to a significant loss of fitness from the expected additive effects of the individual phenotypes. Synthetic lethality defines an extreme form of negative genetic interaction, as, for example, when mutations in two otherwise nonessential genes lead to cell death. The graphical representation in Figure 1A illustrates the concept of synthetic lethality applied to MYC-overexpressing cells. In this instance, the first aberration is the presence of MYC overexpression, achieved by either a retroviral vector or through expression of a conditional MYC-ER fusion. When loss of function of a second gene is achieved, the consequences WT and MYC þ cells, with a gradient illustrating the lower abundance of highly toxic siRNAs, a small subset confers selective growth inhibition in MYC þ (blue oval). "Strong" hits lead to a dramatic loss of viability (below 20%) in contrast to "weak" hits, also referred to as "synthetic sick" (see text for details).
for cell viability in normal cells versus MYCoverexpressing cells enable the identification of genes showing a "synthetic lethal" or "synthetic sick" interaction (Fig. 1B) . From these studies, both potential candidate therapeutic targets as well as insights into MYC-induced vulnerabilities and functionally linked pathways have emerged.
In yeast, positive interactions are frequently observed among genes whose products physically interact, whereas negative interactions generally occur between genes working within parallel biological pathways. In fact, many genes affecting DNA repair processes show synthetic lethal interactions, perhaps reflecting the evolution of robust buffering systems that ensure DNA stability. The example of synthetic lethal interaction between BRCA mutants and PARP fits this model because both genes act in parallel to repair DNA breaks through homologous recombination. Accordingly, PARP inhibitors have exquisite efficacy toward cancers that carry homozygous loss-of-function mutations in the BRCA gene (McCabe et al. 2005; Fong et al. 2009 ). The high therapeutic window of PARP inhibitors is likely due to the minimal toxicity to noncancerous tissues harboring one or two functional copies of the BRCA gene, thus retaining some capacity to repair DNA breaks under PARP inhibition. The example of BRCA and PARP interaction is consistent with the relatively high frequency of synthetic lethality among functionally related genes (18% -25%), in contrast to its rarity among unrelated genes (,1%) (Dixon et al. 2009 ). In fact, unbiased genetic mapping has enabled the assignment of novel functions to genes included in networks based on genetic interactions as shown in yeast (Dixon et al. 2009 ) and illustrated here for MYC. These novel interactions point to unexpected drug targets and shed new light on MYC-mediated tumorigenesis.
The potential to exploit synthetic lethality between cancer-causing mutations and nonessential cellular pathways as a means to identify novel drug targets was proposed in 1997 in a landmark paper (Hartwell et al. 1997) . However, broadly identifying synthetic lethal interactions was then not possible in mammalian cells, because the methodology had yet to be developed for efficient gene targeting and functional interrogation in cell culture. Thus, synthetic lethality in mammalian cells had only been observed via a candidate hypothesis-driven process, verified by time-consuming intercrosses of knockout mouse mutant strains (Gurley and Kemp 2001) or availability of mutant cells. Only recently has a systematic testing of genegene interactions, or "functional genomics," become feasible in mammalian cells as a consequence of the convergence of three major breakthroughs: (1) knowledge of the human genome; (2) the discovery of RNA interference, which enabled the targeting of virtually all proteincoding genes; and (3) the availability of robotics equipment to achieve truly massive parallel testing, in a single query, of thousands of gene knockdowns, as shown in Figure 1A and B. The availability of unbiased, high-throughput empirical testing enables the construction of large-scale functional networks centered on known oncogenes.
OVERVIEW OF RNA INTERFERENCE SCREENS
Synthetic lethal screens in mammalian cells ideally use isogenic systems where the only difference between two cell types is the mutation of a single gene, such as amplification of an oncogene or mutation of a tumor suppressor. In the case of MYC, screens have used MYC overexpression, which reflects the alteration observed in many cancers (Nesbit et al. 1999) . The screen by Toyoshima et al. (2012) used primary human-foreskin fibroblasts (HFFs) where MYC was constitutively expressed through a retroviral vector. HFFs provide a unique cell background where oncogene activation does not induce senescence (Benanti and Galloway 2004; Benanti et al. 2007 ). The level of MYC expression mimicked the deregulation observed in cancer cells and caused MYC-related phenotypes and gene expression signatures (Grandori et al. 2005; Dominguez-Sola et al. 2007; Wang et al. 2011) . A different approach was taken in separate screens by Kessler et al. (2012) and Liu et al. (2012) , who used mammary epithelial cells and the U2OS osteosarcoma cell line to express a MYC-estrogen receptor fusion protein (Eilers et al. 1989) , respectively. MYC was conditionally activated by the addition of tamoxifen.
Kessler's study used a pooled approach, in which short hairpin RNAs (shRNAs) are expressed from lentiviral vectors, whereas Toyoshima and Liu used a one-gene-per-well method, also referred to as an arrayed approach. A schematic of the steps involved in these two types of screens is shown in Figure 2 . The pooled approach, in principle, enables the interrogation of the entire human transcriptome at once (about 30,000 different genes), by transducing a cell population with large-scale shRNA-expressing lentiviral libraries ( Fig. 2A) (A) shRNA pooled approach (Kessler et al. 2012) . Breast epithelial cells, HMECs, expressing the conditional MYC-ER fusion were transduced with a genome-wide shRNA lentiviral library in three independent replicates. Following transduction, cells were cultured for 12 population doublings in the presence or absence of tamoxifen to induce MYC-ER activity. To identify hits, genomic DNA was isolated, and the relative change in shRNAbarcode was measured in both states (MYC-ON and MYC-OFF) . Approximately 400 genes with more then twofold under-representation were identified as candidate MYC-SL genes. (B) siRNA arrayed approach ). Isogenic HFFs with or without exogenous MYC overexpressed from a retroviral vector were transfected with siRNAs (3/gene) toward a custom collection of about 3000 druggable genes. The screen was performed in triplicate with 384-well plates. Following a 5-d incubation period, cell viability was measured using an automated plate reader; about 100 genes emerged from this screen. Liu et al. (2012) also used the arrayed approach in an osteosarcoma line (see text for details) ).
S. Cermelli et al. et al. 2004; Hu et al. 2009; Blakely et al. 2011 ). This approach permits measuring the effect of selective loss of individual shRNAs on growth of the cell population and is referred to as a dropout screen. The use of stable lentiviral transductions allows for long-term gene knockdown in a variety of cell types and can be performed in most laboratory settings. Genome-wide dropout screens suffer from lower sensitivity due to the difficulties in identifying negatively selected shRNA in complex libraries. Focused libraries may be a valuable alternative (Zuber et al. 2011 ). Toyoshima's screen used an arrayed siRNA approach, which takes advantage of liquid handling robotics and automated readout instruments (Chung et al. 2008) , allowing the rapid interrogation of an approximately 3000-druggable-genomes library by testing independently the effect of individual gene knockdowns ( Fig.  2B ) (for details of the method, see Grandori 2013) . By performing the screen in triplicate and through the use of optimal siRNA design, an increased confidence in the "hits" could be achieved as shown by an 98% confirmation through independent retesting of the "hits." Also, as shown in the schematic in Figure 1B , because the arrayed approach directly quantifies the degree of cell toxicity induced by each gene knockdown, it also allows for the detection of weaker or "synthetic sick" hits (Fig. 1B) .
When evaluating MYC-SL genes, it is important to keep in mind the limitations of RNA interference, mainly due to incomplete and transitory gene inhibition. Therefore, screens may underestimate the consequences of longterm and more complete gene inhibition. For example, we have found that "weak" hits from siRNA screens when more stably silenced can lead to abrogation of colony formation or block tumor growth C Grandori, unpubl.) . Similarly, "strong" hits tend to show higher toxicity in normal cells when stably inhibited. In summary, RNA interference screens represent a first filter to identify synthetic lethal interactions, and prioritization of genes should not be based solely on statistical considerations, but strengthened by genomic analysis and multiplexed validation in the context of cancer and normal cells. In the near future, the identification of MYC-SL interactions could be broadened to different cancer types and mechanistic assays focused on chromatin, apoptosis, stemness, or metabolic aspects. The types of assays are nearly limitless when the use of automated microscopy and other high-throughput devices is considered. One example was provided by the kinome-focused screen that used a PARP-cleavage assay to monitor apoptosis through automated microscopy ).
MYC-SYNTHETIC LETHAL GENES AND THE HALLMARKS OF MYC
The genome-wide interrogation via these RNAi interference screens has begun to elucidate genes that selectively affect the survival and fitness of cells in the context of oncogenic MYC. To show relevance to cancer, selected MYC-SL genes were tested in cancer cells stratified for MYC levels (Kessler et al. 2012; Liu et al. 2012; Toyoshima et al. 2012) . Results were confirmed through independent experiments using different small interfering RNAs (siRNAs) or short hairpins RNAs (shRNAs) to filter off-target effects. Here we discuss MYC-SL genes with respect to known as well as unforeseen MYC-associated functions.
MYC-associated phenotypes can be summarized by core hallmarks, which relate to its biochemical and transcriptional properties. These hallmarks derive from the constitutive activity of MYC functioning as a sequencespecific transcriptional modulator, operating through its binding partner MAX, which is required for high-affinity DNA binding (see Conacci-Sorrell et al. 2014) . MYC -MAX heterodimers stimulate activity of all three main RNA polymerases-I, II, and III-and sustain a broad transcriptional program, which leads to cell growth and proliferation in many, if not all, tissue types (see Chappell and Dalton 2013; Hurlin 2013; Campbell and White 2014; Conacci-Sorrell et al. 2014) . MYC influences both transcription initiation and elongation complexes through critical protein partners and recruitment of chromatin acetylation complexes (see Conacci-Sorrell et al. 2014; Hann 2014; Rahl and Young 2014; Sabò and Amati 2014) . In addition, by directly interacting with the DNA replication machinery, MYC increases the rate of DNA synthesis (Dominguez-Sola et al. 2007; Robinson et al. 2009 ). These properties are reflected in prominent hallmarks such as hyperactivity of the protein synthetic apparatus including increased synthesis of ribosomal proteins, rRNAs, and tRNAs (see Campbell and White 2014) , and increased activity of metabolic pathways (see Dang 2013; Morrish and Hockenbery 2014) . Some of these functions contribute to increased fitness, relative to normal tissues, such as the accelerated proliferative rate, independence from growth and differentiation factors, and an increased propensity for self-renewal (Chappell and Dalton 2013 ) that collectively give MYC-overexpressing cells a competitive advantage (see Johnston 2014) . On the other hand, MYC hyperactivity is accompanied by vulnerabilities that can limit its tumorigenic property and could be exploited for therapeutics. Among the known examples of MYC's Achilles heel are the heightened sensitivity to apoptotic stimuli (Evan and Littlewood 1998) , the spontaneous accumulation of DNA damage (see Kuzyk and Mai 2014) , and alterations of metabolic pathways (see Dang 2013; Morrish and Hockenbery 2014) . These phenotypes are evolutionarily conserved from Drosophila to mammalian cells (see Gallant 2013) . Thus, it is not unexpected that at least some MYC-SL genes impinge on these hallmarks.
MYC-SL Networks
To understand the underlying pathways connecting MYC-SL genes that have been so far identified in three different RNAi screening approaches (400 genes from Kessler, 101 from Toyoshima, and two from Liu) (Kessler et al. 2012; Liu et al. 2012; Toyoshima et al. 2012) , we have performed network analyses using a manually curated human interaction database, which was derived from BioGRID, Cancer Cell Map, HPRD, HumanCyc, IMID, IntAct, MINT, NCI-Nature, and Reactome and accessed through Pathway Commons (Cerami et al. 2011) . The merging of these databases enabled searching comprehensive human-centric pairwise interactions, which can be verified through PubMed. A subset of MYC-SL genes, identified from the three RNAi screens, can be linked through functional interactions into a single network (of about 100 genes) when a set of "core" genes known to be linked to MYC function is used as a bridge (Fig. 3A,B) . To increase the confidence in this analysis, only interactions with two or more PubMed references were considered. Thus, despite the fact that only one gene, BRD4, was found in common between the two large-scale screens of Kessler and Toyoshima, network analysis shows prominent interactions among MYC-SL genes. Three functional hubs can be recognized, as visualized by the circular network in Figure 3A . One includes genes involved in transcription initiation and elongation complexes (Fig. 3AI) , the second highlights both positive (TRRAP) and negative regulators (NCOR1) connected to the MYC-MAX network (Fig. 3AII) , and the third hub includes ubiquitin and sumoylation functions related to cell cycle checkpoint and DNA repair, as well as kinases involved in these processes (Fig. 3AIII) . The network layout of Figure 3B allows better visualization of the multiple connections among MYC-SL genes. Below, we discuss components of these hubs that scored as synthetic lethal and refer the reader to O'Shea and Ayer (2013) and Conacci-Sorrell et al. (2014) for a detailed description of MYC -MAX and their extended networks.
Transcription Initiation and Elongation Complexes
Major components of the transcription initiation and RNA polymerase complexes emerged as synthetic lethal genes, highlighting the sensitivity of MYC-overexpressing cells to diminished levels of both general transcription factors and of RNA polymerase subunits, particularly GTF subunits that are components of all three major RNA polymerases (Vannini and Cramer 2012) . These findings indicate the dependency of MYC-overexpressing cells on components critical to sustaining cell growth. It is likely that stable inhibition of these protein complexes impairs the viability of normal cells, because these genes are involved in basic transcriptional events such as promoter opening (GTF2E2 and GTF2H) and in bridging RNA polymerase complexes to the TATA binding protein, TBP (GTF2B). However, the fact that this functional hub was represented in both screens points to a MYC-dependent vulnerability to "transcriptional stress," perhaps caused by hyperengagement of the transcriptional machinery. Other hits in this class of proteins, such as GTF2H4, are also linked to transcription-coupled DNA repair, emphasizing yet another aspect of vulnerabilities of MYC-overexpressing cells. Basic components of the transcription initiation and elongation complexes and genes that emerged as synthetic lethal are illustrated in Figure 4 (MYC-SL in green are from Kessler et al. 2012 ; MYC-SL in blue are from Toyoshima et al. 2012) .
Both screens homed in on BRD4, a critical component of transcription elongation processes, which was recently directly linked to MYC both through a common protein partner PTEFb and also as a regulator of the MYC gene itself (Fig. 4B ) (see Rahl and Young 2014) . Despite the widespread abundance of BRD4 in many tissues, its bromodomain is a highly druggable moiety required for its function, which renders BRD4 an attractive drug target (see Bradner 2014) . It is worth noting that two other bromodomain-containing proteins, CECR2 and BARD1, emerged from Toyoshima et al. (2012) and Kessler et al. (2012) , respectively, and a third, ATAD2, was identified through a candidate approach in endometrial cancers (Raeder et al. 2013) . Although these proteins represent a different class of epigenetic modifiers and are not expected to be targeted by the current BET-family inhibitors (Filippakopoulos et al. 2010) , their bromodomains could also be specifically inhibited. Because viral promoters drove expression of MYC in the RNAi screens, it is likely that the mechanism of BRD4-synthetic lethality occurs through the transcriptional regulation of genes other than MYC itself. One hypothesis is suggested from the finding that CDK12 was also identified as a MYC-SL gene . Recently, this kinase was found to regulate transcription elongation following the DNA-damage response (Bartkowiak et al. 2010) ; thus, deficiency of CDK12 or other elongation factors, such as BRD4, enabling transcription of DNA-repair genes may cripple the capacity of MYC-overex- pressing cells to cope with DNA replication stress. Indeed, as discussed below, DNA-repair genes are one of the most over-represented functional categories among MYC-SL genes.
Synthetic Dosage Lethality Activators and Repressors Linked to MYC -MAX Networks
MYC activity is tightly controlled in normal cells through the engagement of networks of negative and positive regulators (Hurlin 2013; Wiese et al. 2013; Conacci-Sorrell et al. 2014 Nikiforov et al. 2002) . However, direct antagonists paradoxically appear to also be synthetic lethal with MYC. This paradox finds an explanation, once again, in yeast genetics from a condition described as "synthetic dosage lethality." This type of genetic interaction was identified from gain-of-function screens (Sopko et al. 2006) in which the lack of a negative regulator directly targeting the protein in question led to pathway hyperactivation. Similarly, because the RNAi screens described herein have been performed using MYC overexpression, as in most cancers, this type of interaction could have been predicted. Synthetic dosage lethality describes a condition in which overexpression of MYC is well tolerated in wild-type cells that have functioning negative regulators but is not tolerated in cancer cells when inactivation of a negative regulator of MYC occurs. For example, the ubiquitin ligase FBXW7 was among MYC-SL genes (Kessler et al. 2012 ), a finding that can be explained by synthetic dosage lethality. FBWX7 controls ubiquitin-dependent degradation of MYC (Welcker et al. 2004; Popov et al. 2007 ) and other cell cycle regulators. Loss of FBW7 in MYC overexpressing cells could lead to excessive accumulation of MYC protein leading to cell toxicity. Because loss-of-function mutations of FBW7 are frequently observed in cancer, leading to loss of its tumor suppressor function, it would be interesting to assess the mutual exclusivity between MYC amplification and FBW7 mutations. Synthetic dosage lethality may also explain NCOR1, a corepressor mediating basal transcriptional activity of classical nuclear receptors, which was a high-confidence hit in the Kessler screen. Repression by complexes that contain NCOR/SMRT (silencing mediator of retinoic acid and a thyroid hormone receptor) is mediated through SIN3A/B and histone deacetylase enzymes (see Conacci-Sorrell et al. 2014) . These complexes directly antagonize transcriptional activation by MYC-MAX complexes through the MXD family and MNT, a family of leucine zipper and helix -loop -helix DNA binding proteins, which also heterodimerize with MAX (see Gallant 2013; Hurlin 2013; Conacci-Sorrell et al. 2014) . One hypothesis to explain synthetic lethality is that NCOR1 deficiency may lead to unrestricted chromatin acetylation with possible deleterious effects for cell fitness. Yet another example of a MYC antagonist showing synthetic lethality with MYC overexpression is MNT. A recent study of conditional MNT knockout mice showed that MNT deficiency, rather than accelerating, prevents MYC oncogenesis by exacerbating apoptosis (Link et al. 2012 ). This example provides relevance to potential synthetic dosage lethal interactions in an in vivo setting. Independent evidence obtained from a micro-RNA overexpression screen identified mir210, a MNT-targeting microRNA, as causing lethality in MYC-overexpressing cells by effectively mimicking MNT knockdown (see Zhang et al. 2009; C Grandori, unpubl.) . Finally, a recent finding points to yet another hub of synthetic lethal interactions through the extended MYC -MAX network, this time linked to cooperative metabolic functions (P Carroll, D Diolaiti, L McFerrin, and RN Eisenman, unpubl.) .
DNA Repair, Cell Cycle, and Checkpoints
In the genomic-scale screen by Kessler et al. (2012) , two SUMO-activation enzymes, SAE1 and SAE2, were among the high-confidence hits. Depletion of these enzymes led to a global loss of SUMOylation and accumulation of cells in G 2 /M with abnormal mitotic spindles followed by mitotic catastrophe. These events were associated with impaired expression of MYC-induced spindle-related genes indicating that SUMOylation by SAE1 and SAE2 may influence MYC transcriptional activity toward a selective group of genes (Kessler et al. 2012 ). Our network analysis shows that SAE1 is linked to two other MYC-SL genes, UBE2l and MDM2 (Fig. 3) , and, indeed, SUMOylation has been linked to the DNA-damage response through the MDM2-p53 axis (Lee et al. 2012) , perhaps explaining how SAE1-2 knockdown could lead to lethality.
DNA repair and cell cycle checkpoint were the most enriched functional annotations among MYC-SL genes identified in the Toyoshima screen, and experimentally confirmed by a DNA-damage assay for one-third of the genes retested . Among the MYC-SL genes involved in DNA-repair processes were polymerases with roles in translesion DNA synthesis (POLH and REV1L), an endonuclease (NEIL), mitotic checkpoint genes activated in response to DNA damage (WEE1 and WEE2 that inhibit CDK2 and CDK1 activity), regulators of the mitotic spindle (PRC1), and components of the cohesin complex (RAD21). On the other hand, lowering the levels or activity of CDK1 and CDK2 was previously found to limit the fitness of MYC-overexpressing cells in vitro and in models of MYC tumorigenesis (Goga et al. 2007; Campaner et al. 2009 ). CDK2 also emerged as MYC-SL in Toyoshima's screen (Fig. 3) . Taken together, these results indicate that MYC overexpressing cells are both addicted to checkpoints controlling CDK activity during cell-cycle transitions (such as during G 2 /M through WEE1) and dependent upon elevated CDK activity to drive proliferation and limit cellular senescence (Campaner et al. 2009; Hybring and Larson 2010) . One may wonder if MYC-SL interactions related to cell cycle events are shared by other oncogenic pathways, because inhibition of WEE1, for example, has been shown to preferentially impair p53-deficient cancer cells (Bridges et al. 2011) . Thus, the absolute specificity of these MYC-SL interactions, for deregulated MYC-expressing cells, remains to be established.
Finally, through a candidate gene approach, the requirement for certain DNA-repair enzymes and S-phase checkpoints has emerged as enablers of MYC-induced tumorigenesis. For example, mutation of the ATR-Seckel syndrome gene blocks emergence of MYC-induced lymphoma and pancreatic cancer in mice, and this genetic interaction is specific, because it does not occur in RAS-driven cancers (Murga et al. 2011) . Similarly, the DNA helicase WRN, implicated in repair of DNA replication structures, also shows a synthetic lethal interaction with oncogenic MYC, both in vitro (Robinson et al. 2009 ) and in MYC-driven lymphomagenesis (Moser et al. 2012) .
Although WRN and ATR were not identified in the current screens, possibly because of the inefficient siRNA-mediated knockdown of these genes (C Grandori, unpubl.), the previously described dependencies further confirm the requirement of MYC overexpressing cells upon intact DNA-replication-repair sensors.
Growth, Metabolism, and Apoptosis
The evidence that MYC transcriptional targets relate to the regulation of cell growth (see Campbell and White 2014) and metabolism (see Dang 2013; Morrish and Hockenbery 2014) is overwhelming. Yet, this aspect was not prominently revealed through the screens performed to date, with the exception of Liu et al. (2012) , who identified two kinases, ARK5 and AMPK, as synthetic lethal with MYC-ER activation in a human osteosarcoma cell line (U2OS). ARK5 and its downstream target AMPK negatively regulate the mammalian target of rapamycin (mTORC1), thereby inhibiting protein synthesis. This finding may again fit with the model of synthetic dosage effect, because abrogation of this potential break on a parallel protein synthesis pathway leads MYC-overexpressing cells to effectively burn through their energetic reserves and elicit an apoptotic response. Other targets identified in Toyoshima's screen were ALDO A and PDK, both enzymes involved in www.perspectivesinmedicine.org metabolic pathways, which have been well shown to be affected by the MAX network (see Dang 2013 ; O'Shea and Ayer 2013). The surprising paucity of targets involved in cell growth and metabolic pathways, with the exceptions mentioned above, indicates the possibility that their knockdown could be detrimental to normally proliferating cells. For example, knockdown of DDX18, an RNA helicase involved in ribosomal biogenesis whose transcription is stimulated by MYC (Grandori et al. 1996) , was significantly toxic to normal cells, and, accordingly, DDX18 was filtered out in the selection of MYC-SL genes. Similarly, although the eukaryotic initiation factor 4E (eIF4e) was shown to impair MYC-induced tumorigenesis, its inhibition also has profound, albeit reversible, effects on normal somatic tissues (Lin et al. 2012) . A related gene, eIF4E2, however, was among the MYC-SL genes in Kessler's screen.
A still largely unanswered question is the relation between MYC-SL genes and the MYC transcriptional program. A preliminary comparison of MYC-SL genes with the MYC target gene database (Zeller et al. 2003 ) indicated a small but statistically significant overlap. In addition, three genes that showed robust synthetic lethal interactions across tissues-PES-1, CECR2, and CSNK1e )-all harbor multiple consensus MYC -MAX binding sites within their promoter regions, suggesting a possible direct relation to MYC. Tissue-specific transcriptional effects caused by MYC will require this analysis to be tailored to specific cancer types.
NOVEL PATHWAYS CONTRIBUTING TO THE FITNESS OF MYC-HYPERACTIVATED CELLS IDENTIFIED THROUGH SYNTHETIC LETHALITY Kinases and Developmental Pathways
Several kinases emerged from the RNAi screens, potentially providing a set of highly druggable targets. Among these, HCK and CSNK1e were independently identified as signaling molecules that significantly affected MYC transcriptional targets by using a computational method for the genome-wide identification of posttranslational modulators of transcription factor activity (MINDy) (Wang et al. 2009 ). The fact that two completely different approaches, that is, prediction-based and experiment-based, pointed to these kinases suggests that they represent key targets that affect MYC-driven cancers. Mechanistically, the role of these kinases remains unclear. For example, although previous literature identifies CSNK1e as a modulator of circadian rhythms (Preuss et al. 2004; Badura et al. 2007; Meng et al. 2008 ), more recent studies do not confirm its essential role in this pathway (Sekine et al. 2008; Walton et al. 2009 ). In contrast, CSNK1e has been implicated in cancer, both in ovarian (Rodriguez et al. 2012 ) and in breast cancer, where its function is linked to the activity of the WNT pathway (Kim et al.) . CSNK1e has also been shown to be required for transcriptional response to Hedgehog (HH) signaling (Varjosalo et al. 2008) , and in this respect, it is worthwhile to point out that GLI1, the main transcriptional mediator of HH signaling, also emerged as a MYC-SL gene. This indicates that both developmental pathways, WNT and HH, may play relevant roles to support MYC-mediated tumorigenesis (Roussel and Robinson 2013) . Another novel target with a potential developmental role is the human homolog of Pescadillo, PES1, a gene discovered in zebrafish embryonic development that, as discussed above, might be a direct target of MYC transcriptional regulation. PES-1 contains a BRCT domain, which is an essential region for several genes involved in DNA repair, including the BRCA1 gene. It has been proposed that PES-1 influences folding of large chromatin domains via its BRCT domain (Zhang et al. 2005) . PES-1 has also been linked to rRNA synthesis (Holzel et al. 2007) . Interestingly, its knockdown in neuroblastoma leads both to cell death and differentiation (M Toyoshima and C Grandori, unpubl.) . Because MYC overexpression impairs responses to differentiation signals, PES-1 may be linked to this hallmark activity of MYC, and given the potential druggability of BRCT domains, should be further explored as a therapeutic target (Simeonov et al. 2008) .
CHALLENGES AHEAD How to Define a Cancer as MYC-Driven
Currently, with the exception of Burkitt's lymphoma and neuroblastoma, MYC status is not a biomarker used in the clinic. Because MYC is generally not mutated, but rather its expression is deregulated through multiple mechanisms, the identification of surrogate biomarkers of MYC deregulation is challenging but much needed if we plan to develop therapeutic agents selective for cells with hyperactive MYC. Numerous studies have reported amplification or overexpression of MYC in solid tumors, such as breast (Berns et al. 1992; Blancato et al. 2004; Bouchalova et al. 2009 ), ovarian (Darcy et al. 2009 ), colon (Al-Kuraya et al. 2007 , prostate (Sato et al. 2006) , lung (Kim et al. 2006) , and others. However there is great variation in the prognostic significance and type of alterations detected (gene amplification and overexpression) between the different studies, emphasizing the lack of unambiguous markers. The recent availability of large controlled data sets across multiple cancer types from The Cancer Genome Atlas (TCGA) may allow a more accurate evaluation of MYC family alterations by examining the significance of copy number aberrations and mRNA expression in primary human tumor samples. For example, our recent cross-cancer comparison of the frequency of MYC copy number gain or amplification (limited to c-MYC and not inclusive of MYCN or MYCL) using data available in the TCGA implicates MYC in multiple cancer types and, in particular, in ovarian and breast cancers (Fig.  5) . However, because MYC copy number is not always the best predictor of MYC expression, a confident estimation of the extent to which the MYC pathway is not only amplified, but also active, will require additional investigation. Gain indicates copy number change between 0.5 and 1.5; amplification is copy number change .1.5 (numbers reported are continuous, not integer, and may capture subclonalityof copy numberevents). The number to the right of each bar is the GISTIC q value for significance (Beroukhim et al. 2007 ) of MYC copy number where available.
Through an unbiased genome-wide approach, it may be possible to identify expression patterns that distinguish MYC-overexpressing cancers from other cancers within the same tissue. Alternatively, MYC gene expression signatures derived from genetic manipulations of MYC levels could be used through a candidate gene approach. Also, because deregulation of different members of the MYC family, such as MYCN or MYCL, may have different functional consequences and characteristic biomarkers, a distinction based on which family member is altered should be taken into account. In fact, expression of exogenous MYC or MYCN in the same neural progenitors has very different outcomes, with different cell lineages emerging (Roussel and Robinson 2013) . Overall, much work is still needed in this area to arrive at candidate genes or gene products that unambiguously classify MYC-driven cancers. These novel molecular markers should then be linked to existing clinical and pathological criteria to enable efficacious selection of patients for treatment. Despite the limited data available to date, a cross-cancer comparison indicates that synthetic lethal interactions may be shared between different tissues. This preliminary conclusion is derived from the identification of common MYC-SL among breast cancer (Kessler et al. 2012) , neuroblastoma, and ovarian cancers (M Toyoshima and C Grandori, unpubl.) . Among these are CSNK1e, CECR2, and PES1. In addition, BRD4 was identified in breast cancer cells in the Kessler screen and in the isogenic HFF system . Also ARK-5, which was originally identified in an osteosarcoma cell line, was validated in a hepatoblastoma model . Based on these, albeit sparse, bits of evidence, it is possible that there will be shared synthetic lethal pathways between different tissue types. However, MYC-SL interactions in vitro were obtained through artificial overexpression systems, and it is possible that SL interactions in cancer may also reflect the causes of MYC deregulation. For example, the dependence on BRD4 of cancer cells may occur through different mechanisms, one through its effect on the regulation of the MYC gene itself as shown in models of leukemia, which are dependent on expression of MYC without structural alterations of the MYC gene (Zuber et al. 2011) . The other, when MYC overexpression is consequent to structural changes such as gene amplification or gene translocations, the requirement for BRD4 may reflect its role in transcription of other genes. Distinction of SL interactions based on the types of MYC deregulation remains to be established and perhaps best addressed by performing RNAi screens in cancer cells with defined alterations of MYC.
Specificity of MYC-SL Genes in the Context of the Cancer Genome
MYC-SL genes were defined in isogenic and genetically engineered systems and validated in a limited number of cancer cells. Therefore, we need to remain aware that the specificity of these SL interactions for MYC-driven tumors has not been unequivocally established. Indeed, it is still possible that certain MYC-SL interactions might be broader transformation-related synthetic lethal interactions. A careful cross-oncogene comparative analysis, preferably within an isogenic system, should be performed. Finally, in human tumors, multiple genetic lesions coexist. Thus, the impact of multiple mutations or epigenetic alterations is likely to affect synthetic lethal interactions, and we should keep an open mind when validating MYC-SL genes. However, the fact that selective MYC-SL genes identified in isogenic systems have been confirmed in the context of cancer cells is encouraging. Challenges in the validation pipeline also include determining which in vitro or in vivo model might be more suitable for predicting the efficacy of MYC-SL genes as cancer drug targets.
Exploiting MYC-Synthetic Lethal Interactions for Cancer Therapy
If we wish to translate synthetic lethal screens to the clinic, rather than allowing them to languish in the obscurity of scientific publications, much effort will be needed to prioritize MYC-SL genes with therapeutic potential. This selection should be based not only on their validation in a cancer cell context or through integration of genomics data, but should also be based on their "druggability." For example, we have highlighted potential targets such as kinases and other molecules that harbor domains accessible by small molecule inhibitors, such as bromodomains and BRCT domains. Cell-surface proteins that can be targeted using antibodies or small-protein moieties should also be high on the list of druggable targets. Furthermore, experiments evaluating the rescue of lethality by specific mutant proteins, as through mutations in the ATP binding site for kinases, should be performed because inhibition of protein activity may not be equivalent to the loss of its expression. Thus, much remains to be done before a given MYC-SL gene is proposed as a therapeutic target. Finally, improving communication between academia and industry would facilitate obtaining inhibitors, even as tool compounds, to test their effects in isogenic and cancer cell contexts. In summary, accelerating the process from the bench to the clinic requires a multidisciplinary effort among cancer biologists, bioinformaticians, chemists, and structural biologists. It is also important at early stages to work in close collaboration with clinical oncologists to guide choices of possible drug combinations and to facilitate matching molecular features with clinical characteristics, both of which are relevant to determining appropriate treatments.
Despite these challenges and the complex scenarios of the cancer landscape, synthetic lethal screens provide an approach that promises to facilitate targeting "undruggable" oncogenes, such as MYC, and to enable the functional dissection of genomic information.
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